Introduction {#s1}
============

Methylation at the 5' position of cytosine in DNA is a widespread epigenetic regulator of gene expression. Proper deposition and removal of this mark is indispensable for normal vertebrate development, and misregulation of DNA methylation is a common feature in many diseases ([@bib13]; [@bib46]). The discovery of the Ten-Eleven Translocation (TET) family of enzymes, which iteratively oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC), has expanded the epigenome ([@bib48]; [@bib25]; [@bib31]; [@bib21]; [@bib26]). These modified cytosines have multiple roles, functioning both as transient intermediates in an active DNA demethylation pathway ([@bib21]; [@bib14]; [@bib5]; [@bib12]; [@bib51]) and as stable epigenetic marks ([@bib1]; [@bib2]) that may recruit specific readers ([@bib47]).

One interesting interaction partner of TET proteins is *O*-linked N-acetylglucosamine (*O*-GlcNAc) Transferase (OGT). OGT is the sole enzyme responsible for attaching a GlcNAc sugar to serine, threonine, and cysteine residues of over 1000 nuclear, cytoplasmic, and mitochondrial proteins ([@bib15]; [@bib18]; [@bib39]). Like phosphorylation, *O*-GlcNAcylation is a reversible modification that affects the function of target proteins. OGT's targets regulate gene expression ([@bib33]; [@bib19]), metabolism ([@bib18]; [@bib3]; [@bib43]), and signaling ([@bib10]; [@bib17]), consistent with OGT's role in development and disease ([@bib20]; [@bib32]).

OGT stably interacts with and modifies all three TET proteins and its genome-wide distribution overlaps significantly with TETs ([@bib50]; [@bib9]; [@bib4]). Two studies in mouse embryonic stem cells (mESCs) have suggested that TET1 and OGT may be intimately linked in regulation of gene expression, as depleting either enzyme reduced the chromatin association of the other and affected expression of its target genes ([@bib50]; [@bib45]). However, it is unclear to what extent these genome-wide changes are direct effects of perturbing the TET1-OGT interaction. Further work is necessary to uncover the biological importance of the partnership between TET1 and OGT.

In this work, we map the interaction between TET1 and OGT to a small C-terminal region of TET1, which is both necessary and sufficient to bind OGT. We show for the first time that OGT modifies the catalytic domain of TET1 in vitro and enhances its catalytic activity. We also use mutant TET1 to show that the TET1-OGT interaction promotes TET1 function in the developing zebrafish embryo. Finally, we show that in mESCs a mutation in TET1 that impairs its interaction with OGT results in alterations in gene expression and in abundance of 5mC and TET2. Together these results suggest that OGT regulates TET1 activity, indicating that the TET1-OGT interaction may be two-fold in function -- allowing TET1 to recruit OGT to specific genomic loci and allowing OGT to modulate TET1 activity.

Results {#s2}
=======

A short C-terminal region of TET1 is necessary for binding to OGT {#s2-1}
-----------------------------------------------------------------

TET1 and OGT interact with each other and are mutually dependent for their localization to chromatin([@bib50]). To understand the role of this association, it is necessary to specifically disrupt the TET1-OGT interaction. All three TETs interact with OGT via their catalytic domains ([@bib9]; [@bib4]; [@bib27]). We sought to identify the region within the TET1 catalytic domain (TET1 CD) responsible for binding to OGT. The TET1 CD consists of a cysteine-rich N-terminal region necessary for co-factor and substrate binding, a catalytic fold consisting of two lobes separated by a spacer of unknown function, and a short C-terminal region also of unknown function ([Figure 1A](#fig1){ref-type="fig"}). We transiently transfected HEK293T cells with FLAG-tagged mouse TET1 CD constructs bearing deletions of each of these regions, some of which failed to express ([Figure 1B](#fig1){ref-type="fig"}). Because HEK293T cells have low levels of endogenous OGT, we also co-expressed His-tagged human OGT (identical to mouse at 1042 of 1046 residues). TET1 constructs were immunoprecipitated (IPed) using a FLAG antibody and analyzed for interaction with OGT. We found that deletion of only the 45 residue C-terminus of TET1 (hereafter C45) prevented detectable interaction with OGT ([Figure 1B](#fig1){ref-type="fig"}, TET1 CD del. 4). To exclude the possibility that this result is an artifact of OGT overexpression, we repeated the experiment overexpressing only TET1. TET1 CD, but not TET1 CD lacking C45, interacted with endogenous OGT, confirming that the C45 is necessary for this interaction ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).

![The short TET1 C-terminus is required for interaction with OGT.\
(**A**) Domain architecture of TET1. (**B**) Diagram of FLAG-tagged TET1 CD constructs expressed in HEK293T cells (upper). FLAG and OGT western blot of inputs and FLAG IPs from HEK293T cells transiently expressing FLAG-TET1 CD truncations and His-OGT (lower). (**C**) Diagram of His-tagged OGT constructs expressed in HEK293T cells (upper). FLAG and His western blot of input and FLAG IPs from HEK293T cells transiently expressing FLAG-TET1 CD and His-OGT TPR deletions (lower).](elife-34870-fig1){#fig1}

OGT has two major domains: the N-terminus consists of 13.5 tetratricopeptide repeat (TPR) protein--protein interaction domains, and the C-terminus contains the bilobed catalytic domain ([Figure 1C](#fig1){ref-type="fig"}). We made internal deletions of several sets of TPRs to ask which are responsible for binding to the TET1 CD. We co-transfected HEK293T cells with FLAG-TET1 CD and His6-tagged OGT constructs and performed FLAG IP and western blot as above. We found that all the TPR deletions tested impaired the interaction with TET1 CD, with deletion of TPRs 7 -- 9, 10 -- 12, or 13 -- 13.5 being most severe ([Figure 1C](#fig1){ref-type="fig"}). This result suggests that all of OGT's TPRs may be involved in binding to the TET1 CD, or that deletion of a set of TPRs disrupts the overall structure of the repeats in a way that disfavors binding.

Conserved residues in the TET1 C45 are necessary for the TET1-OGT interaction {#s2-2}
-----------------------------------------------------------------------------

An alignment of the TET1 C45 region with the C-termini of TET2 and TET3 revealed several conserved residues ([Figure 2A](#fig2){ref-type="fig"}). We mutated clusters of three conserved residues in the TET1 C45 of FLAG-tagged TET1 CD ([Figure 2B](#fig2){ref-type="fig"}) and co-expressed these constructs with His-OGT in HEK293T cells. FLAG pulldowns revealed that two sets of point mutations disrupted the interaction with OGT: mutation of D2018, V2021, and T2022, or mutation of V2021, T2022, and S2024 ([Figure 2C](#fig2){ref-type="fig"}, mt1 and mt2). These results suggested that the residues between D2018 and S2024 are crucial for the interaction between TET1 and OGT. Further mutational analysis revealed that altering D2018 to A (D2018A) eliminated detectable interaction between FLAG-tagged TET1 CD and His-OGT ([Figure 2D](#fig2){ref-type="fig"}).

![Conserved residues in the TET1 C45 are necessary for the TET1-OGT interaction.\
(**A**) Alignment of the C-termini of human (h) and mouse (m) TETs 1, 2, and 3. A conserved aspartate residue mutated in D is highlighted. (**B**) Diagram of FLAG-tagged TET1 CD constructs expressed in HEK293T cells. (**C**) FLAG and OGT western blot of inputs and FLAG IPs from HEK293T cells transiently expressing FLAG-TET1 CD triple point mutants and His-OGT. (**D**) FLAG and His western blot of inputs and FLAG IPs from HEK293T cells transiently expressing His-OGT and FLAG-TET1 CD or FLAG-TET1 CD D2018A.](elife-34870-fig2){#fig2}

The TET1 C-terminus is sufficient for binding to OGT {#s2-3}
----------------------------------------------------

Having shown that the TET1 C45 is necessary for the interaction with OGT, we next examined if it is also sufficient to bind OGT. We fused the TET1 C45 to the C-terminus of GFP ([Figure 3A](#fig3){ref-type="fig"}) and investigated its interaction with OGT. We transiently transfected GFP or GFP-C45 into HEK293T cells and pulled down with a GFP antibody. We found that GFP-C45, but not GFP alone, bound OGT ([Figure 3B](#fig3){ref-type="fig"}), indicating that the TET1 C45 is sufficient for interaction with OGT.

![The TET1 C45 is sufficient for interaction with OGT in cells and in vitro.\
(**A**) Schematic of the TET1 C45 fusion to the C-terminus of GFP. (**B**) GFP and OGT western blot of inputs and GFP IPs from HEK293T cells transiently expressing GFP or GFP-TET1 C45. \*Truncated GFP. (**C**) Coomassie stained protein gel of inputs and TET1 IPs from in vitro binding reactions containing rOGT and rTET1 CD wild type or D2018A. No UDP-GlcNAc was included in these reactions. (**D**) GFP and OGT western blot of inputs and OGT IPs from in vitro binding reactions containing rOGT and in vitro translated GFP constructs. \*Truncated GFP.](elife-34870-fig3){#fig3}

To determine if the interaction between TET1 CD and OGT is direct, we employed recombinant proteins in pulldown assays using beads conjugated to a TET1 antibody. We used recombinant human OGT (rOGT) isolated from *E. coli* and recombinant mouse TET1 catalytic domain (aa1367-2039), either wild type (rTET1 wt) or D2018A (rD2018A) purified from sf9 cells. rTET1 wt, but not beads alone, pulled down rOGT, indicating a direct interaction between these proteins ([Figure 3C](#fig3){ref-type="fig"}). rD2018A did not pull down rOGT, consistent with our mutational analysis in cells. Then we used an in vitro transcription/translation extract to produce GFP and GFP-C45, incubated each with rOGT, and found that the TET1 C45 is sufficient to confer binding to rOGT ([Figure 3D](#fig3){ref-type="fig"}). The D2018A mutation in the GFP-C45 was also sufficient to prevent rOGT binding ([Figure 3D](#fig3){ref-type="fig"}), consistent with the behavior of TET1 CD D2018A in cells. Together these results indicate that the TET1-OGT interaction is direct and mediated by the TET1 C45.

The D2018A mutation impairs TET1 CD stimulation by OGT {#s2-4}
------------------------------------------------------

We employed the D2018A mutation to investigate the effects of perturbing the TET1-OGT interaction on rTET1 activity. rTET1 wt and rD2018A catalyzed formation of 5hmC on an in vitro methylated lambda DNA substrate ([Figure 4A](#fig4){ref-type="fig"}). Incubation with rOGT and OGT's cofactor UDP-GlcNAc resulted in *O*-GlcNAcylation of rTET1 wt but not rD2018A ([Figure 4B](#fig4){ref-type="fig"}).

![The D2018A mutation impairs TET1 CD stimulation by OGT.\
(**A**) 5hmC slot blot of biotinylated 5mC containing lambda DNA from rTET1 CD activity assays. Alkaline phosphatase staining was used to detect biotin as a loading control. (**B**) Western blot for *O*-GlcNAc in in vitro O-GlcNAcylation reactions. (**C**) 5hmC slot blot of biotinylated 5mC containing lambda DNA from rTET1 wt activity assays. Alkaline phosphatase staining was used to detect biotin as a loading control. (**D**) Quantification of 5hmC levels from rTET1 wt activity assays. Results are from 3 to 5 slot blots and normalized to rTET1 wt alone. (**E**) 5hmC slot blot of biotinylated 5mC containing lambda DNA from rD2018A activity assays. Alkaline phosphatase staining was used to detect biotin as a loading control. (**F**) Quantification of 5hmC levels from rD2018A activity assays. Results are from 3 to 5 slot blots and normalized to rD2018A alone. Error bars denote s.d. \*p\<0.01, \*\*p\<0.01, N.S. -- not significant.\
10.7554/eLife.34870.007Figure 4---source data 1.For [Figure 4D](#fig4){ref-type="fig"} and 4F Quantification of 5hmC levels from activity assays with rTET1 wt.(**A**) and rD2018A (**B**) used to generate graphs in [Figure 4D](#fig4){ref-type="fig"} (**A**) and [Figure 4F](#fig4){ref-type="fig"} (**B**). 5hmC signal for TET1 alone is set to one for each replicate.](elife-34870-fig4){#fig4}

To explore whether *O*-GlcNAcylation affects TET1 CD activity, we incubated rTET1 wt and rD2018A with UDP-GlcNAc and rOGT individually or together and assessed 5hmC production ([Figure 4C--F](#fig4){ref-type="fig"}, [Figure 4---source data 1](#fig4sdata1){ref-type="supplementary-material"}). Addition of UDP-GlcNAc did not significantly affect activity of rTET1 wt or rD2018A. Incubation with rOGT alone slightly enhanced 5hmC synthesis by rTET1 wt (1.3 to 1.7-fold), but not rD2018A. We observed robust stimulation (4 to 5-fold) when rTET1 wt but not rD2018A was incubated with rOGT and UDP-GlcNAc. These results suggest that while the TET1-OGT protein-protein interaction may slightly enhance TET1's activity, the *O*-GlcNAc modification is responsible for the majority of the observed stimulation.

The TET-OGT interaction promotes TET1 function in the zebrafish embryo {#s2-5}
----------------------------------------------------------------------

We used zebrafish as a model system to ask whether the D2018A mutation affects TET function during development. Deletion analysis of *tet*s in zebrafish showed that Tet2 and Tet3 are the most important in development, while Tet1 contribution is relatively limited ([@bib35]). Deletion of both *tet2* and *tet3* (*tet2/3* DM) causes a severe decrease in 5hmC levels accompanied by larval lethality owing to abnormalities including defects in hematopoietic stem cell (HSC) production. Reduced HSC production is visualized by reduction in the transcription factor *runx1*, which marks HSCs in the dorsal aorta of wild-type embryos, but is largely absent from this region in *tet2/3* DM embryos. 5hmC levels and *runx1* expression are rescued by injection of human TET2 or TET3 mRNA into one-cell-stage embryos ([@bib35]).

Given strong sequence conservation among vertebrate TET/Tet proteins, we asked if over expression of mouse Tet1 mRNA could also rescue HSC production in *tet2/3* DM zebrafish embryos and if this rescue is OGT interaction-dependent. To this end, *tet2/3* DM embryos were injected with wild type or D2018A mutant encoding mouse Tet1 mRNA at the one cell stage. At 30 hr post fertilization (hpf) embryos were fixed and the presence of *runx1* positive HSCs in the dorsal aorta was assessed by in situ hybridization ([Figure 5A](#fig5){ref-type="fig"}). Tet1 wild type mRNA significantly increased the percentage of embryos with strong *runx1* labeling in the dorsal aorta (high *runx1*), while Tet1 D2018A mRNA failed to rescue *runx1* positive cells ([Figure 5A--B](#fig5){ref-type="fig"}, [Figure 5---source data 1](#fig5sdata1){ref-type="supplementary-material"}). We also performed dot blots with genomic DNA from these embryos to measure levels of 5hmC ([Figure 5C](#fig5){ref-type="fig"}). On average, embryos injected with wild type Tet1 mRNA showed a modest but significant increase in 5hmC relative to uninjected *tet2/3* DM embryos, while injection of TET1 D2018A mRNA did not show a significant increase ([Figure 5D](#fig5){ref-type="fig"}). These results suggest that the TET1-OGT interaction promotes both TET1's catalytic activity and its ability to rescue *runx1* expression in this system.

![The TET1-OGT interaction promotes TET1 function in the zebrafish embryo.\
(**A**) Representative images of *runx1* labeling in the dorsal aorta of wild type or *tet2/3*^DM^ zebrafish embryos, uninjected or injected with mRNA encoding mouse Tet1 wild type or D2018A. (**B**) Percentage of embryos with high *runx1* expression along the dorsal aorta. (**C**) 5hmC dot blot of genomic DNA from wild type or *tet2/3*^DM^ zebrafish embryos injected with Tet1 wild type or D2018A mRNA. Methylene blue was used as a loading control. (**D**) Quantification of 5hmC levels from three dot blots, normalized to methylene blue staining. Error bars denote s.d. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, N.S. -- not significant.\
10.7554/eLife.34870.009Figure 5---source data 1.For [Figure 5B](#fig5){ref-type="fig"} Quantification of *runx1* levels in zebrafish embryos used to generate graph in [Figure 5B](#fig5){ref-type="fig"}.](elife-34870-fig5){#fig5}

The D2018A mutation alters gene expression and 5mC levels in mESCs {#s2-6}
------------------------------------------------------------------

Given the defect of TET1 D2018A in the zebrafish system, we decided to explore the effect of this mutation in mammalian cells. To this end, we generated a D2018A mutation in both copies of the *Tet1* gene ([Figure 6A](#fig6){ref-type="fig"}) in mESCs ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). A FLAG tag was also introduced onto the C-terminus of wild type (WT) or D2018A mutant (D2018A) TET1. We first tested whether D2018 was necessary for the TET1-OGT interaction in the context of endogenous full length TET1 in these cells. FLAG pulldowns revealed that the D2018A mutation reduced, but did not eliminate, co-IP of OGT with TET1 ([Figure 6B](#fig6){ref-type="fig"}). Levels of TET2 protein were significantly increased in D2018A cells compared to WT ([Figure 6C](#fig6){ref-type="fig"}), suggesting the cells may be compensating for impaired TET1 function by producing more TET2.

![The D2018A mutation alters gene expression and 5mC levels in mESCs.\
(**A**) Schematic of WT and D2018A mESC lines. (**B**) FLAG and OGT western blot of inputs and FLAG IPs from WT and D2018A mESCs. (**C**) Western blots for FLAG, TET2, and TET3 of protein extracts from WT and D2018A mESCs. (**D**) Volcano plot showing differentially expressed genes in D2018A vs. WT mESCs. Red: decreased expression (log2 fold change \> −1, Benjamini-Hochberg adjusted p-value\<0.01). Blue: increased expression (log2 fold change \>1, Benjamini-Hochberg adjusted p-value\<0.01) E) qPCR analysis of selected differentially expressed genes. (**F**) Mass spec quantification of mC and hmC levels in WT and D2018A cells. Error bars denote s.d. \*p\<0.05, N.S. -- not significant.\
10.7554/eLife.34870.014Figure 6---source data 1.For [Figure 6E](#fig6){ref-type="fig"} Quantification of gene expression by RT-qPCR used for graph in [Figure 6E](#fig6){ref-type="fig"}.\
10.7554/eLife.34870.015Figure 6---source data 2.For [Figure 6F](#fig6){ref-type="fig"} Mass spectrometry quantification of 5mC and 5hmC in WT and D2018A mESCs, used to generate graph in [Figure 6F](#fig6){ref-type="fig"}.](elife-34870-fig6){#fig6}

To determine whether the TET1 D2018A mutation affected gene expression, we compared WT and D2018A mESCs using RNA-seq. We identified 378 genes whose expression changed by 2-fold or more in D2018A cells compared to WT (157 upregulated and 221 downregulated)([Figure 6D](#fig6){ref-type="fig"}, [Supplementary file 1](#supp1){ref-type="supplementary-material"}). In spite of the increased TET2 protein levels in D2018A cells, we did not observe increased abundance of *Tet2* transcripts ([Figure 6E](#fig6){ref-type="fig"}, [Figure 6---source data 1](#fig6sdata1){ref-type="supplementary-material"}), nor increased stability of TET2 protein in D2018A cells compared to WT ([Figure 6---figure supplement 2](#fig6s2){ref-type="fig"}, [Figure 6---figure supplement 2---source data 1](#fig6s2sdata1){ref-type="supplementary-material"}).

To examine how the TET1 D2018A mutation affected DNA modifications, we used LC-MS/MS to measure levels of 5mC and 5hmC in WT and D2018A mESCs. The total amount of 5mC was about 25% lower in D2018A cells compared to WT, while levels of 5hmC were not significantly different ([Figure 6F](#fig6){ref-type="fig"}, [Figure 6---source data 2](#fig6sdata2){ref-type="supplementary-material"}).

The D2018A mutation redistributes 5hmC and reduces 5mC levels {#s2-7}
-------------------------------------------------------------

To determine if perturbing the TET1-OGT interaction affected the distribution of CpG modifications, we performed 5hmC-Seal and whole genome bisulfite sequencing (WGBS) on WT and D2018A mESCs. Our 5hmC-Seal analysis detected very few hydroxymethylated peaks, consistent with the low levels of 5hmC detected by mass spec ([Figure 6F](#fig6){ref-type="fig"}). We identified 76 differentially hydroxymethylated regions (DhMRs), which were enriched in genic regions over intergenic regions ([Figure 7A](#fig7){ref-type="fig"}). 95 genes were associated with a change in 5hmC levels (DhMGs) -- 46 with more 5hmC in D2018A mESCs and 49 with less 5hmC ([Figure 7B](#fig7){ref-type="fig"}). Metagene analysis showed no dramatic changes in 5hmC distribution around genes ([Figure 7C](#fig7){ref-type="fig"}). Overall, this data suggests a redistribution of 5hmC in the D2018A mESCs at a small subset of genes. The small number of 5hmC changes precludes a statistically meaningful comparison with the differentially expressed genes (DEGs) identified by RNA-seq.

![5hmC-Seal analysis of WT and D2018A mESCs.\
(**A**) Genomic annotations of differentially hydroxymethylated regions in WT vs. D2018A mESCs. (**B**) Heatmap depicting 95 differentially hydroxymethylated genes in WT vs. D2018A mESCs. (**C**) Distribution of averaged hmCpG level at all genes.](elife-34870-fig7){#fig7}

Consistent with our mass spec results, WGBS showed reduced levels of 5mC + 5 hmC in D2018A cells compared to WT ([Figure 8A,B](#fig8){ref-type="fig"}). We found no evidence of a change in the distribution of CpG modifications; rather, 5mC + 5 hmC was reduced genome-wide in D2018A cells ([Figure 8C](#fig8){ref-type="fig"}). To examine whether promoter methylation differences correlate with differential gene expression, we compared the difference in average CpG modification at each promoter to the fold change of the corresponding gene. We found a very small, but statistically significant, negative correlation between promoter CpG modification and gene expression (Pearson r = −0.02, p=0.025)([Figure 8D](#fig8){ref-type="fig"}, [Figure 8---figure supplement 1](#fig8s1){ref-type="fig"}).

![Whole genome bisulfite sequencing of WT and D2018A mESCs.\
(**A**) Genome-wide levels of mCpG +hmCpG. (**B**) Distribution of mC +hmC levels for individual CG sites fitting with kernel density estimate (KDE). (**C**) Distribution of averaged mCpG +hmCpG level at all genes. (**D**) Scatter plot of difference (D2018A - WT) in average CpG methylation in a 500 bp window around each promoter vs. log2 fold change (D2018A/WT) of corresponding genes. (**E**) An example of hypo CG-DMRs in exons of *Cdcp*2 gene in D2018A mESCs. (**F**) Average mCpG +hmCpG level ((h)mCG/CG) of individual ranked DMRs and flanking regions (±1.5 kb). (**G**) Genomic annotations of hypo CG-DMRs in D2018A mESCs. CGI: CpG island. (**H**) Overlap between DEGs and the set of genes with ≥ 2 DMRs between the gene\'s start and end sites (hypergeometric p value = 1.770e-19).](elife-34870-fig8){#fig8}

The WGBS analysis identified 42,725 differentially methylated regions (DMRs)([Figure 8E--G](#fig8){ref-type="fig"}), none of which overlapped with the 76 DhMRs. Similar to DhMRs, DMRs were significantly enriched in exons over other genomic regions ([Figure 8E](#fig8){ref-type="fig"}). Next we asked if there was a correlation between gene body DMRs and gene expression. We identified 3587 genes that contained two or more DMRs between the transcription start and end sites. This group was enriched for DEGs ([Figure 8H](#fig8){ref-type="fig"}), suggesting that changes in gene body cytosine modifications may underlie some of the gene expression differences between WT and D2018A mESCs.

Discussion {#s3}
==========

A unique OGT interaction domain {#s3-1}
-------------------------------

We identified a 45-amino acid domain of TET1 that is both necessary and sufficient for binding of OGT. To our knowledge, this is the first time that a small protein domain has been identified that confers stable binding to OGT. The vast majority of OGT targets do not bind to OGT tightly enough to be detected in co-IP experiments, suggesting that OGT's interaction with TET proteins is unusually strong. For determination of the crystal structure of the human TET2 catalytic domain in complex with DNA, the corresponding C-terminal region was deleted ([@bib23]), suggesting that it may be unstructured. When bound to OGT this domain may become structured, and structural studies of OGT bound to C45 could shed light on what features make this domain uniquely able to interact stably with OGT and how OGT may stimulate TET1 activity.

An alternative or additional role for the stable TET-OGT interaction may be recruitment of OGT to chromatin by TET proteins. Loss of TET1 causes loss of OGT from chromatin ([@bib50]) and induces similar changes in transcription in both wild-type mESCs and mESCs lacking DNA methylation ([@bib54]). This raises the possibility that TET proteins may recruit OGT to chromatin to regulate gene expression independent of 5mC oxidation. Consistent with this possibility, OGT modifies many transcription factors and chromatin regulators in mESCs ([@bib41])([Figure 9](#fig9){ref-type="fig"}). Thus it may be that the stable TET1-OGT interaction promotes both regulation of TET1 activity by *O*-GlcNAcylation as well as recruitment of OGT to chromatin. Notably, our results show that TET1 D2018A does not rescue 5hmC levels in *tet2/3* DM zebrafish embryos to the same extent as the wild type protein, suggesting that at least part of the role of the TET1-OGT interaction in vivo is regulation of TET1 activity.

![Model Model showing two roles of the TET1-OGT interaction in regulation of gene expression.\
OGT's activity is regulated by the abundance of its cofactor UDP-GlcNAc, whose synthesis has inputs from nucleotide, glucose, amino acid, and fatty acid metabolism. OGT (blue circle) binds to TET1 (large green circle) via the TET1 C45 (purple line). OGT modifies TET1 and regulates its catalytic activity (small green circles representing modified cytosines). At the same time, TET1 binding to DNA brings OGT into proximity of other DNA-bound transcription factors (orange hexagon), which OGT also modifies and regulates.](elife-34870-fig9){#fig9}

OGT stimulation of TET activity {#s3-2}
-------------------------------

Our results show for the first time that OGT can modify a TET protein in vitro, and that *O*-GlcNAcylation stimulates the activity of a TET protein in vitro. We have identified 8 sites of *O*-GlcNAcylation within the TET1 CD (data not shown), which precludes a simple analysis of which sites are important for stimulation. Detailed studies of individual sites of modification will be required to resolve this question.

Our data are consistent with a role for OGT in TET1 regulation in cells and in vivo. OGT also directly interacts with TET2 and TET3, suggesting that it may regulate all three TET proteins. Notably, although all three TETs catalyze the same reaction, they show a number of differences that are likely to determine their biological role. Different TET proteins are expressed in different cell types and at different stages of development ([@bib29]; [@bib6]; [@bib34]; [@bib55]). TET1 and TET2 appear to target different genomic regions ([@bib24]) and to promote different pluripotent states in mESCs ([@bib11]). The mechanisms responsible for these differences are not well understood. We suggest that OGT is a strong candidate for regulation of TET enzymes.

Regulation of TETs by OGT in development {#s3-3}
----------------------------------------

Our result that wild type TET1 mRNA, but not TET1 mRNA carrying a mutation that can impair interaction with OGT, can rescue *tet2/3* DM zebrafish suggests that OGT regulation of TET enzymes may play a role in development. The importance of both TET proteins and OGT in development has been thoroughly established. Zebrafish lacking *tet2* and *tet3* die as larvae ([@bib35]), and knockout of *Tet* genes in mice yields developmental phenotypes of varying severities, with knockout of all three *Tet*s together being embryonic lethal ([@bib6]; [@bib34]; [@bib7]; [@bib8]). Similarly, OGT is absolutely essential for development in mice ([@bib44]) and zebrafish ([@bib52]), though its vast number of targets have made it difficult to narrow down more specifically why OGT is necessary. Our results suggest that TETs are important OGT targets in development.

The TET1-OGT interaction regulates gene expression and DNA methylation in mESCs {#s3-4}
-------------------------------------------------------------------------------

The D2018A mutation reduced the TET1-OGT interaction in mESCs and altered gene expression and CpG modifications. 5hmC-Seal revealed only a small number of DhMRs and DhMGs, with 5hmC increased at about half the DhMGs and decreased at the other half. Together with mass spectrometry showing no change in total 5hmC levels, our data are consistent with a redistribution of 5hmC at a small number of genes without significantly affecting total 5hmC. The D2018A mutation is predicted to decrease TET1 activity, and the increased expression of TET2 in the D2018A cells could explain why total 5hmC levels are unchanged.

Bisulfite sequencing showed a genome-wide reduction in 5mC + 5 hmC in D2018A cells, while 5hmC-Seal revealed only a small number of DhMRs. Together these results suggest that the bisulfite sequencing largely reflects changes in 5mC. The very small correlation between promoter CpG modification and gene expression suggests that most gene expression changes cannot be explained by CpG modification differences at promoters.

The enrichment of both DMRs and DhMRs in genic regions and the correlation between gene body DMRs and DEGs suggests that changes to genic CpG modifications may underlie some of the gene expression changes. The result that OGT stimulates TET1 catalytic activity in vitro suggests that in cells the TET1 D2018A mutation should decrease TET enzyme activity, resulting in more 5mC and less 5hmC. Instead, we observed decreased 5mC and no change in 5hmC. This result is consistent with the increased expression of TET2 in D2018A mESCs compared to WT, since gene bodies are targets of TET2 rather than TET1([@bib24]). Higher levels of TET2 could increase 5mC oxidation at gene bodies, resulting in widespread genic demethylation and an increase in 5hmC at a small subset of genes. This result would explain the loss of 5mC in D2018A cells compared to WT and the enrichment of DMRs in genic regions.

A connection between metabolism and the epigenome {#s3-5}
-------------------------------------------------

OGT has been proposed to act as a metabolic sensor because its cofactor, UDP-GlcNAc, is synthesized via the hexosamine biosynthetic pathway (HBP), which is fed by pathways metabolizing glucose, amino acids, fatty acids, and nucleotides ([@bib20]). UDP-GlcNAc levels change in response to flux through these pathways ([@bib38]; [@bib40]; [@bib53]), leading to the hypothesis that OGT activity may vary in response to the nutrient status of the cell. Thus the enhancement of TET1 activity by OGT and the significant overlap of the two enzymes on chromatin ([@bib50]) suggest a model in which OGT may regulate the epigenome in response to nutrient status by controlling TET1 activity ([Figure 9](#fig9){ref-type="fig"}).

Materials and methods {#s4}
=====================

Cell culture {#s4-1}
------------

The mESC line LF2 and its derivatives were routinely passaged by standard methods in KO-DMEM, 10% FBS, 2 mM glutamine, 1X non-essential amino acids, 0.1 mM b-mercaptoethanol and recombinant leukemia inhibitory factor. HEK293T cells were cultured in DMEM, 10% FBS, and 2 mM glutamine.

The genotype of LF2 cells was confirmed by whole genome sequencing. Mycoplasma testing is performed annually. Whole genome sequencing of LF2s confirms that there is no mycoplasma contamination.

Recombinant protein purification {#s4-2}
--------------------------------

Full-length human OGT in the pBJG vector was transformed into BL-21 DE3 *E. coli.* A liquid culture was grown in LB +50 µg/mL kanamycin at 37C until OD~600~ reached 1.0. IPTG was added to 1 mM final and the culture was induced at 16°C overnight. Cells were pelleted by centrifugation and resuspended in 5 mL BugBuster (Novagen) +protease inhibitors (Sigma Aldrich) per gram of cell pellet. Cells were lysed on an orbital shaker for 20 min at room temperature. The lysate was clarified by centrifugation at 30,000 g for 30 min at 4°C. Clarified lysate was bound to Ni-NTA resin (Qiagen) at 4°C and then poured over a disposable column. The column was washed with six column volumes of wash buffer 1 (20mM Tris pH 8, 1 mM CHAPS, 10% glycerol, 5 mM BME, 10 mM imidazole, 250 mM NaCl) followed by six column volumes of wash buffer 2 (wash buffer 1 with 50 mM imidazole). The protein was eluted in four column volumes of elution buffer (20 mM Tris pH 8, 1 mM CHAPS, 5 mM BME, 250 mM imidazole, 250 mM NaCl). Positive fractions were pooled and dialyzed into storage buffer (20 mM Tris pH 8, 1 mM CHAPS, 0.5 mM THP, 10% glycerol, 150 mM NaCl, 1 mM EDTA), flash frozen in liquid nitrogen and stored at −80°C in small aliquots.

Mouse TET1 catalytic domain (aa1367-2039) was expressed in sf9 insect cells according to the Bac-to-Bac Baculovirus Expression System. Constructs were cloned into the pFastBac HTA vector and transformed in DH10Bac *E. coli* for recombination into a bacmid. Bacmid containing the insert was isolated and used to transfect adherent sf9 cells for 6 days at 25°C. Cell media (P1 virus) was isolated and used to infect 20 mL of sf9 cells in suspension for 3 days. Cell media (P2 virus) was isolated and used to infect a larger sf9 suspension culture for 3 days. Cells were pelleted by centrifugation, resuspended in lysis buffer (20 mM Tris pH 8, 1% Triton, 10% glycerol, 20 mM imidazole, 50 mM NaCl, 1 mM MgCl~2~, 0.5 mM TCEP, protease inhibitors, 2.5 U/mL benzonase), and lysed by douncing and agitation at 4C for 1 hr. The lysate was clarified by centrifugation at 48,000 g for 30 min at 4°C and bound to Ni-NTA resin (Qiagen) at 4°C, then poured over a disposable column. The column was washed with five column volumes of wash buffer (20 mM Tris pH 8, 0.3% Triton, 10% glycerol, 20 mM imidazole, 250 mM NaCl, 0.5 mM TCEP, protease inhibitors). The protein was eluted in five column volumes of elution buffer (20 mM Tris pH 8, 250 mM imidazole, 250 mM NaCl, 0.5 mM TCEP, protease inhibitors). Positive fractions were pooled and dialyzed overnight into storage buffer (20 mM Tris pH 8, 150 mM NaCl, 0.5 mM TCEP). Dialyzed protein was purified by size exclusion chromatography on a 120 mL Superdex 200 column (GE Healthcare) in storage buffer. Positive fractions were pooled, concentrated, flash frozen in liquid nitrogen and stored at −80C in small aliquots.

Overexpression in HEK293T cells and immunoprecipitation {#s4-3}
-------------------------------------------------------

Mouse Tet1 catalytic domain (aa1367-2039) and truncations and mutations thereof were cloned into the pcDNA3b vector. GFP fusion constructs were cloned into the pcDNA3.1 vector. Human OGT constructs were cloned into the pcDNA4 vector. Plasmids were transiently transfected into adherent HEK293T cells at 70 -- 90% confluency using the Lipofectamine 2000 transfection reagent (ThermoFisher) for 1--3 days.

Transiently transfected HEK293T cells were harvested, pelleted, and lysed in IP lysis buffer (50 mM Tris pH 8, 200 mM NaCl, 1% NP40, 1x HALT protease/phosphatase inhibitors). For pulldown of FLAG-tagged constructs, cell lysate was bound to anti-FLAG M2 magnetic beads (Sigma Aldrich) at 4°C. For pulldown of GFP constructs, cell lysate was bound to magnetic protein G dynabeads (ThermoFisher) conjugated to the JL8 GFP monoclonal antibody (Clontech) at 4°C. Beads were washed three times with IP wash buffer (50 mM Tris pH 8, 200 mM NaCl, 0.2% NP40, 1x HALT protease/phosphatase inhibitors). Bound proteins were eluted by boiling in SDS sample buffer.

In vitro transcription/translation and immunoprecipitation {#s4-4}
----------------------------------------------------------

GFP fused to TET C-terminus peptides were cloned into the pcDNA3.1 vector and transcribed and translated in vitro using the TNT Quick Coupled Transcription/Translation System (Promega).

For immunoprecipitation, recombinant His-tagged OGT was coupled to His-Tag isolation dynabeads (ThermoFisher). Beads were bound to in vitro translation extract diluted 1:1 in binding buffer (40 mM Tris pH 8, 200 mM NaCl, 40 mM imidazole, 0.1% NP40) at 4°C. Beads were washed 3 times with wash buffer (20 mM Tris pH 8, 150 mM NaCl, 20 mM imidazole, 0.1% NP40). Bound proteins were eluted by boiling in SDS sample buffer.

Recombinant protein binding assay {#s4-5}
---------------------------------

20 µL reactions containing 2.5 µM rOGT and 2.5 µM rTET1 CD wt or D2018A were assembled in binding buffer (50 mM Tris pH 7.5, 100 mM NaCl, 0.02% Tween-20) and pre-incubated at room temperature for 15 min. TET1 antibody (Millipore 09 -- 872) was bound to magnetic Protein G Dynabeads (Invitrogen), and beads were added to reactions following pre-incubation. Reactions were bound to beads for 10 min at room temperature. Beads were washed 3 times with 100 µL binding buffer, and bound proteins were recovered by boiling in SDS sample buffer and analyzed by SDS-PAGE and coomassie stain.

Western blots {#s4-6}
-------------

For western blot, proteins were separated on a denaturing SDS-PAGE gel and transferred to PVDF membrane. Membranes were blocked in PBST +5% nonfat dry milk at room temp for \>10 min or at 4°C overnight. Primary antibodies used for western blot were: FLAG M2 monoclonal antibody (Sigma Aldrich F1804), TET2 monoclonal antibody (Millipore MABE462), TET3 polyclonal antibody (Millipore ABE383), OGT polyclonal antibody (Santa Cruz sc32921), OGT monoclonal antibody (Cell Signaling D1D8Q), His6 monoclonal antibody (Thermo MA1-21315), JL8 GFP monoclonal antibody (Clontech), and *O*-GlcNAc RL2 monoclonal antibody (Abcam ab2739). Secondary antibodies used were goat anti-mouse HRP and goat anti-rabbit HRP from BioRad. Blots were incubated with Pico Chemiluminescent Substrate (ThermoFisher) and exposed to film in a dark room.

Slot blot {#s4-7}
---------

DNA samples were denatured in 400 mM NaOH +10 mM EDTA by heating to 95°C for 10 min. Samples were placed on ice and neutralized by addition of 1 vol of cold NH~4~OAc pH 7.2. DNA was loaded onto a Hybond N + nylon membrane (GE) by vacuum using a slot blot apparatus. The membrane was dried at 37°C and DNA was covalently linked to the membrane by UV crosslinking (700uJ/cm^2^ for 3 min). Antibody binding and signal detection were performed as outlined for western blotting using 5hmC monoclonal antibody (Active Motif 39791).

For the loading control, membranes were analyzed using the Biotin Chromogenic Detection Kit (Thermo Scientific) according to the protocol. Briefly, membranes were blocked, probed with streptavidin conjugated to alkaline phosphatase (AP), and incubated in the AP substrate BCIP-T (5-bromo-4-chloro-3-indolyl phosphate, p-toluidine salt). Cleavage of BCIP-T causes formation of a blue precipitate.

For quantification of slot blots, at least three biological replicates were used. Signal was normalized to the loading control and significance was determined using the unpaired t test.

Preparation of lambda DNA substrate {#s4-8}
-----------------------------------

Linear genomic DNA from phage lambda (dam-, dcm-) containing 12 bp 5' overhangs was purchased from Thermo Scientific. Biotinylation was performed by annealing and ligating a complementary biotinylated DNA oligo. Reactions containing 175 ng/µL lambda DNA, 2 µM biotinylated oligo, and 10 mM ATP were assembled in 1x T4 DNA ligase buffer, heated to 65°C, and cooled slowly to room temperature to anneal. 10uL T4 DNA ligase was added and ligation was performed overnight at room temperature. Biotinylated lambda DNA was purified by PEG precipitation. To a 500 µL ligation reaction, 250 µL of 60% PEG8000 +10 mM MgCl~2~ was added and reaction was incubated at 4°C overnight with rotation. The next day DNA was pelleted by centrifugation at 14,000 *g* at 4°C for 5 min. Pellet was washed with 1 mL of 75% ethanol and resuspended in TE.

Biotinylated lambda DNA was methylated using M.SssI CpG methyltransferase from NEB. 20 µL reactions containing 500 ng lambda DNA, 640 µM S-adenosylmethionine, and four units methyltransferase were assembled in 1x NEBuffer 2 supplemented with 20 mM Tris pH eight and incubated at 37°C for 1 hr. Complete methylation was confirmed by digestion with the methylation-sensitive restriction enzyme BstUI from NEB.

In vitro TET1 CD *O*-GlcNAcylation {#s4-9}
----------------------------------

In vitro modification of rTET1 CD with rOGT was performed as follows: 10 µL reactions containing 1 µM rTET1 CD, 1 -- 5 µM rOGT, and 1 mM UDP-GlcNAc were assembled in reaction buffer (50 mM HEPES pH 6.8, 150 mM NaCl, 10% glycerol, 0.5 mM TCEP) and incubated at 37C for 30 -- 60 min or at 4°C for 18 -- 24 hr.

In vitro TET1 CD activity assays {#s4-10}
--------------------------------

20 µL reactions containing 100 ng biotinylated, methylated lambda DNA, rTET1 CD (from frozen aliquots or from in vitro O-GlcNAcylation reactions), and TET cofactors (1 mM alpha-ketoglutarate, 2 mM ascorbic acid, 100 uM ferrous ammonium sulfate) were assembled in reaction buffer (50 mM HEPES pH 6.8, 100 mM NaCl) and incubated at 37°C for 10 -- 60 min. Reactions were stopped by addition of 1 vol of 2M NaOH +50 mM EDTA and DNA was analyzed by slot blot.

Generation of mouse embryonic stem cell lines mESC lines ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}) were derived using CRISPR-Cas9 genome editing. A guide RNA to the Tet1 3'UTR was cloned into the px459-Cas9-2A-Puro plasmid using published protocols ([@bib42]) with minor modifications. Templates for homology directed repair were amplified from Gene Blocks (IDT) ([Supplementary file 2](#supp2){ref-type="supplementary-material"} and [3](#supp3){ref-type="supplementary-material"}). Plasmid and template were co-transfected into LF2 mESCs using FuGENE HD (Promega) according to manufacturer protocol. After two days cells were selected with puromycin for 48 hr, then allowed to grow in antibiotic-free media. Cells were monitored for green or red fluorescence (indicating homology directed repair) and fluorescent cells were isolated by FACS 1 -- 2 weeks after transfection. All cell lines were propagated from single cells and correct insertion was confirmed by PCR genotyping ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}, [Supplementary file 2](#supp2){ref-type="supplementary-material"}).

Genome-wide profiling of 5mC and 5hmC revealed a 25 kb deletion in WT but not D2018A cells distal to the CRISPR/Cas9 cut site ([Figure 6---figure supplement 3A,B](#fig6s3){ref-type="fig"}). A recent report shows that large deletions like this are more common than previously appreciated([@bib30]). Analysis of cells with wild-type TET1 and one intact copy of this region shows that the differences in gene expression and 5mC levels are caused by the TET1 D2018A mutation rather than the 25 kb deletion ([Figure 6---figure supplement 3C,D](#fig6s3){ref-type="fig"}, [Figure 6---figure supplement 3---source datas 1 and 2](#fig6s3sdata2){ref-type="supplementary-material"}).

Nucleotide mass spectrometry {#s4-11}
----------------------------

Genomic DNA (3 µg) was subjected to hydrolysis with PDE I (3.6U), PDE II (3.2U), DNase I (50U), and alkaline phosphatase (10U) in 10 mM Tris HCl/15 mM MgCl~2~ buffer (pH 7) at 37°C overnight. The hydrolysates were spiked with ^13^C~10~^15^N~2~-5-methyl-2′-deoxycytidine (1 pmol) and 5-hydroxymethyl-d~2~-2′-deoxycytidine-6-d~1~ (500 fmol) (internal standards for mass spectrometry) and filtered through Nanosep 10K Omega filters (Pall Corporation, Port Washington, NY).

Quantitation of mC and hmC was performed using a Dionex Ultimate 3000UHPLC (Thermo Fisher, Waltham MA) interfaced with a Thermo TSQ Vantage mass spectrometer (Thermo Fisher). Chromatographic separation was achieved on a Luna Omega Polar C18 column (150 × 1.0 mm, 1.6 µm, Phenomenex, Torrance CA) heated to 50°C and eluted at a flow rate of 50 μL/min with a gradient of 0.1% acetic acid in H~2~O (A) and acetonitrile (B). A linear gradient of 1% to 5% B in 5.7 min was used, followed by an increase to 20% B over 1.1 min and a further increase to 50% B in 1.1 min. Solvent composition was a returned to initial conditions (1% B) and the column was re-equilibrated for 7 min. Under these conditions, mC and ^13^C~10~^15^N~2~-MeC eluted at 3.7 min, both hmC and the internal standard D~3~-hmC eluted at 2.9 min. Quantitation was achieved by monitoring the transitions *m/z* 258.2 \[M + H^+^\] → *m/z* 142.1 \[M -- deoxyribose + H^+^\] for hmC, *m/z* 261.2 \[M + H^+^\] → *m/z* 145.1 \[M -- deoxyribose + H^+^\] for D~3~-hmC, *m/z* 242.1 \[M + H^+^\] → *m/z* 126.1 \[M + H^+^\] for mC, *m/z* 254.2 \[M + H^+^\] → *m/z* 133.1 \[M + H^+^\] for ^13^C~10~^15^N~2~-mC. Optimal mass spectrometry conditions were determined by infusion of authentic standards. Typical settings on the mass spectrometer were: a spray voltage of 3500 V, a sheath gas of 12 units, the declustering voltage was 5 V, the RF lens was 55 V, the vaporizer temperature was 75 °C, and the ion transfer tube was maintained at 350 °C. The full-width at half-maximum (FWHM) was maintained at 0.7 for both Q1 and Q3. Fragmentation was induced using a collision gas of 1.5 mTorr and a collision energy of 10.3 V for mC and 10.6 V for hmC.

RNA-seq {#s4-12}
-------

RNA was extracted from mESCs (two biological replicates each for WT and D2018A, and two technical replicates for each biological replicate) using Zymo DirectZol RNA miniprep kit. 200 ng of RNA per sample was used for Lexogen Ribocop rRNA depletion. Libraries were prepared from 8 µL of Ribocop-treated RNA using Lexogen SENSE Total RNA-seq Library Prep Kit.

Libraries were sequenced on an Illumina Hiseq 4000 with single-end 50 base reads. Reads were aligned to the mouse genome (Ensembl build GRCm38.p6) and gene counts were created using STAR_2.5.3a. Normalization and differential expression analysis was performed with DESeq2 v1.20.0. Data was visualized using Matplotlib.

Methyl-seq library preparation and whole genome bisulfite sequencing {#s4-13}
--------------------------------------------------------------------

Genomic DNA was extracted from 1 million mESCs (two biological replicates each for wild type and Tet1 D2018A) using the DNeasy kit from Qiagen. Methyl-Seq libraries were prepared using Accel-NGS Methyl-Seq DNA Library Kit with 30 ng gDNA for each sample and were sequenced on Illumina HiSeq 4000 with 150 bases pair-ended reads. For data processing, the raw reads were first trimmed to remove Illumina adapters and PCR duplicates and then mapped to mm10 mouse reference genome using Bismark (<https://www.bioinformatics.babraham.ac.uk/projects/bismark/>). The alignment files (BAM file) generated were analyzed by MethylPy (<https://github.com/yupenghe/methylpy>) ([@bib36]; [@bib22]) to get the methylation level at individual cytosines. Generally, the methylation level is defined as the ratio of the sum of methylated basecall counts over the total basecall counts at each individual pairwise cytosine on both strands. The significantly methylated cytosine sites (DMSs) were identified using a binomial test for each CpG context with FDR \< 0.01 as described previously([@bib37]). Differentially methylated regions (DMRs) were defined by the DMRfind function in MethylPy by joining at least two DMSs within 250 bp.

5hmC-Seal {#s4-14}
---------

5hmC profiling was performed as described([@bib16]). Briefly, 100 ng genomic DNA were fragmented in Tagmentation buffer at 55°C. Fragmented DNA was purified by Zymo DNA Clean and Concentration Kit. Then, the selective 5hmC chemical labeling was performed in glucosylation buffer (50 mM HEPES buffer pH 8.0, 25 mM MgCl~2~) containing above fragmented DNA, βGT, N~3~-UDP-Glc, and incubated at 37°C for 2 hr. After DNA purification in ddH~2~O, DBCO-PEG4-Biotin (Click Chemistry Tools) was added and incubated at 37°C for 2 hr. The biotin labeled DNA was pulled down by C1 Streptavidin beads (Life Technologies) for 15 min at room temperature. Next, the captured DNA fragments were subjected to PCR amplification using Nextera DNA sample preparation kit. The resulting amplified product was purified by 1.0X AMPure XP beads. Input library was made by direct PCR from fragmented DNA directly without labeling and pull-down. The libraries were quantified by a Qubit fluorometer (Life Technologies) and sequenced on NextSeq 500 PE42.

Adaptors and low quality nucleotides were trimmed from raw sequencing reads by Trim_Galore, and bowtie was used to align clean reads to mm9 reference genome. Peak calling was performed by MACS1.4. DESeq2 was further used to calculate differentially hydroxymethylated genes and regions.

RT-qPCR {#s4-15}
-------

Total RNA was isolated from mESCs using Direct-zol RNA miniprep kit from Zymo. 1 µg of RNA was used for cDNA synthesis using the iScript Reverse Transcription kit from BioRad. cDNA was used for qPCR using the SensiFAST SYBR Lo-Rox kit from Bioline. Relative gene expression levels were calculated using the ΔΔC~t~ method. See [Supplementary file 4](#supp4){ref-type="supplementary-material"} for primer sequences.

Zebrafish mRNA rescue experiments {#s4-16}
---------------------------------

Zebrafish husbandry was conducted under full animal use and care guidelines with approval by the Memorial Sloan-Kettering animal care and use committee. For mRNA rescue experiments, mTET1D2018A and mTET1wt plasmids were linearized by NotI digestion. Capped RNA was synthesized using mMessage mMachine (Ambion) with T7 RNA polymerase. RNA was injected into one-cell-stage embryos derived from tet2^mk17/mk17^, tet3^mk18/+^ intercrosses at the concentration of 100 pg/embryo ([@bib35]). Injected embryos were raised under standard conditions at 28.5°C until 30 hr post-fertilization (hpf) at which point they were fixed for in situ hybridization using an antisense probe for *runx1.* The *runx1* probe is described in ([@bib28]); in situ hybridization was performed using standard methods, and runx1 levels were scored across samples without knowledge of the associated experimental conditions ([@bib49]). Examples of larvae categorized as runx1 high and runx1 low are provided in [Supplementary file 5](#supp5){ref-type="supplementary-material"}. *tet2/3* double mutants were identified based on morphological criteria and mutants were confirmed by PCR genotyping after in situ hybridization using previously described primers ([@bib35]).

For sample size estimation for rescue experiments, we assume a background mean of 20% positive animals in control groups. We anticipate a significant change would result in at least a 30% difference between the experimental and control means with a standard deviation of no more than 10. Using the 1-Sample Z-test method, for a specified power of 95% the minimum sample size is 4. Typically, zebrafish crosses generate far more embryos than required. Experiments are conducted using all available embryos. The experiment is discarded if numbers for any sample are below this minimum threshold when embryos are genotyped at the end of the experimental period. Injections were separately performed on clutches from five independent crosses; p values are based on these replicates and were derived from the unpaired two-tailed *t* test. Embryo numbers for all five biological replicates are included in [Supplementary file 5](#supp5){ref-type="supplementary-material"}.

For the dot blot, genomic DNA was isolated from larvae at 30hpf by phenol-chloroform extraction and ethanol precipitation. Following RNase treatment and denaturation, 2-fold serially diluted DNA was spotted onto nitrocellulose membranes. Cross-linked membranes were incubated with 0.02% methylene blue to validate uniform DNA loading. Membranes were blocked with 5% BSA and incubated with anti-5hmC antibody (1:10,000; Active Motif) followed by a horseradish peroxidase-conjugated antibody (1:15,000; Active Motif). Signal was detected using the ECL Prime Detection Kit (GE). The results of three independent experiments were quantified using ImageJ at the lowest dilution and exposure where signal was observed in Tet1 injected embryos. To normalize across blots, all values are presented as the ratio of 5hmC signal in experimental animals divided by wildtype control signal from the same blot.

Reproducibility and Rigor {#s4-17}
-------------------------

All IP-Westerns are representative of at least three independent biological replicates (experiments carried out on different days with a different batch of HEK293T cells or mESCs). For targeted mESC lines, three independently derived lines for each genotype were assayed in at least two biological replicates. For in vitro activity and binding assays using recombinant proteins (representing multiple protein preparations), data represent at least three technical replicates (carried out on multiple days). The zebrafish rescue experiment was performed five times (biological replicates), with dot blots carried out three times. We define an outlier as a result in which all the controls gave the expected outcome but the experimental sample yielded an outcome different from other biological or technical replicates. There were no outliers or exclusions.
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5hmC-Seal data has been uploaded to GEO under accession GSE119500. High throughput RNA-seq and WGBS data has been uploaded to GEO under accession GSE119666.

The following datasets were generated:

NieJCuiXHritJPanningBHeC2018OGT binds a conserved C-terminal domain of TET1 to regulate TET1 activity and function in developmentNCBI Gene Expression OmnibusGSE119500

WangBHritJNeryJCastanonRPanningBEckerJR2018Perturbation of the OGT-TET1 interaction in mouse embryonic stem cellsNCBI Gene Expression OmnibusGSE119666
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"OGT binds a conserved C-terminal domain of TET1 to regulate TET1 activity and function in development\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Kevin Struhl as the Senior Editor. The reviewers have opted to remain anonymous. *eLife*

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

This manuscript identifies a region of the TET1 protein that interacts with the OGT enzyme and demonstrates that OGT-catalyzed modification stimulates TET1 activity in vitro. The authors show that a TET1 mutation (D2018A) that disrupts interaction with OGT prevents TET1 from rescuing hematopoietic stem cell production and 5-hydroxymethylcytosine (5hmC) levels in *tet* mutant zebrafish embryos, suggesting that OGT stimulates TET1 activity in vivo. The authors also found that the D2018A mutation alters the abundance and composition of TET-containing molecular complexes in mouse embryonic stem cells, and that this mutation alters gene expression and the distribution of 5-methylcytosine (5mC).

Essential revisions:

The reviewers and editors feel that the biological function of the interaction between OGT and TET1 in ESCs requires further investigation, as the presented phenotypes are complex and somewhat confusing. Specifically:

1\) ES cells with homozygous TET1 D2018A mutation have significantly elevated levels of TET2, as well as a higher proportion of TET2 that co-fractionates with OGT and HCF1 within high molecular weight complexes (Figure 6). The elevated levels of TET2 in TET1 D2018A mutant cells may reflect increased stability through formation of large complexes with OGT, HCF1, and potentially other proteins. Although TET2 function is not the primary focus of the study, the phenotype of TET1 D2018A mutant cells, in which 5mC is redistributed and seemingly reduced while 5hmC levels are unchanged, merits further examination. The authors should test whether the stability or expression of TET2 is increased in D2018A mutant cells.

2\) The images in Figure 7D suggest that ES cells with the TET1 D2018A mutation have reduced 5mC levels, but the immunofluorescence staining only gives limited information on how TET1-OGT interaction affects the distribution of 5mC and 5hmC. The authors conclude that the distribution of 5mC is altered, but the overall levels are not directly measured, and the interpretation that 5hmC is similar between mutant and WT, but that 5mC (the substrate) is redistributed and potentially reduced is confusing. Changes in bulk 5mC levels should be measured in these cells. The authors should also conduct genome-wide profiling of 5mC and 5hmC, and potentially of TET1, TET2, TET3 and OGT chromatin binding.

3\) Although reduction of TET1 activity would not be predicted to cause reduction of 5mC levels on DNA, the authors suggest increased TET2 activity may compensate for reduced TET1 activity in D2018A ES cells. Direct measurement of the 5mC oxidation activities of TET1 and TET2 complexes in wild type and D2018A cells would be difficult, but the authors may be able to restore normal levels and distribution of 5mC in D2018A cells by overexpression of the GFP-C45 fusion, which binds OGT in vitro (Figure 3). This would provide evidence that the OGT interaction domain of TET1 has two important functions, activation of TET1 activity and titration of OGT to limit activation of TET2. Knockdowns of TET2 and/or TET3 in the WT and mutant cells could also isolate the effects of the TET1 mutation.

4\) The authors should add more analysis to the RNA-seq data. For example, how does the set of differentially expressed genes overlap with OGT ChIP-seq targets in published studies?

\[Editors' note: a previous version of this study was rejected after peer review, but the authors submitted for reconsideration. The first decision letter after peer review is shown below.\]

Thank you for submitting your work entitled \"OGT binds a conserved C-terminal domain of TET1 to regulate TET1 activity and function in development\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and a Senior Editor. The reviewers have opted to remain anonymous.

Our decision has been reached after consultation between the reviewers. Based on these discussions and the individual reviews below, we regret to inform you that your work in its current form will not be considered further for publication in *eLife*.

The reviewers and editors found regulation of TET1 activity by OGT-catalyzed *O*-GlcNAc modification to be potentially very interesting, but a number of serious concerns were raised about the validity of the conclusions in this study. Perhaps the most significant finding is that *O*-GlcNAc modification of TET1 by OGT strongly stimulates its activity, however the enzymatic activity of the D2018 mutant is similar to that of wild type TET1 in 293T cells, which contain endogenous OGT. The in vivo results therefore are apparently inconsistent with the in vitro results. The data in the paper also do not clearly establish whether *O*-GlcNAc modification, rather than OGT binding, affects TET1 activity. The finding that all the TPR motifs of OGT are important for the interaction with TET1 raised concerns because different TPR motifs usually interact with different OGT substrates. The interpretations -- and interpretability -- of several key experiments were also questioned by the reviewers.

Overall, given the published link between OGT and TET enzymes, we would expect a manuscript to present a major advance on the biological significance and/or mechanism of this interaction. If the activation of TET1 by OGT-catalyzed *O*-GlcNAc modification can be unambiguously established in vitro and in vivo, and the biological function and/or mechanism substantively explored, we would be happy to consider a revised manuscript as a new submission.

*Reviewer \#1:*

TET enzymes oxidize 5mC towards cytosine demethylation. In this manuscript, the authors characterized the interaction between TET1 and OGT. They showed that C-terminus of TET1 directly interacted with OGT. This interaction might be required for activity of TET1 in vivo. Overall, the authors proposed and tested a novel hypothesis on the interaction between OGT and TET1. However, it is very confusing to see that the D2018A mutant of TET1 lost the interaction with OGT but still retained enzymatic activity in 293T cells. A careful and through study is needed to justify the major conclusions in this manuscript.

1\) It is unclear if OGT is required for the enzymatic activity of TET1 in mammalian cells. The authors showed that the D2018A mutant was still able to convert 5mC to 5hmC in 293T cells. The enzymatic activity of the D2018 mutant was similar to that of wild type TET1 (Figure 5B and C). As the expression of OGT is very high in 293T cells, it indicates that without the interaction with OGT, TET1 is still able to oxidize 5mC, which contradicts with the major conclusions of the manuscript.

2\) The authors stated \"we mutated these residues individually and found that D2018A eliminated detectable interaction between FLAG-tagged TET1 CD and myc-OGT\". However, in the Figure 3D, only D2018A had been examined. It is unclear if other mutations abolish the interaction between TET1 and OGT. In particular, D2018 is not mutated in TET1 CD mt2. But TET1 CDmt2 still lost the interaction with OGT, indicating that other residues such as V2021 and T2022 may play more important roles for the interaction.

3\) The authors have not demonstrated if the enzymatic activity of OGT is required for TET1-dependent functions. The authors need to show if the enzymatic dead OGT is able to activate TET1 both in vitro and in vivo.

4\) The study on the TET1 mutant is incomplete. It is unclear if OGT is able to promote the enzymatic activity of the mutant TET1 in vitro.

5\) The authors showed a conserved interacting motif existed in both TET2 and TET3. Does TET2 or TET3 interact with OGT via the same motif? Does OGT promote TET2 and TET3 as well?

6\) It is very strange to see that all the TPR motifs of OGT are important for the interaction. Usually, different TPR motifs interact with different OGT substrates. If all the TPR repeats are required for the interaction with TET1, will other OGT substrates, such as HIF-1, affect the interaction between OGT and TET1? Especially HIF-1 is in the same complex with TET1 and OGT. Is the catalytic domain of OGT also required for the interaction with TET1?

Reviewer \#2:

Hrit et al. follow up on work from several groups showing *O*-GlcNAc transferase (OGT) binds to TET proteins, and find that *O*-GlcNAc modification of TET1 stimulates its methylcytosine oxidation activity in vitro. In addition, the authors perform extensive mapping of the domain of TET1 that binds OGT, and find a 45 amino acid region of the TET1 catalytic domain that is necessary and sufficient for this interaction. Finally, the authors demonstrate that mRNA corresponding to wild type TET1, but not D2018A mutant TET1, can partially rescue HSC development in zebrafish lacking *tet2* and *tet3*, as well as overall hmC levels. These findings contrast with reports that *O*-GlcNAc modification of TET1 increases Tet1 stability (PMID: 23729667), but have no effect on its catalytic activity (PMID: 24394411).

Several studies have established that TET proteins and OGT broadly regulate each other\'s functions. However, there are conflicting data in the literature regarding the mechanisms by which this occurs. Consequently, the question is important and these findings contribute a new potential mechanism by which OGT regulates TET1. However, the extent to which the D2018A mutant prevents *O*-GlcNAc modification and stimulation of TET1 activity by OGT is not thoroughly tested. In addition, the study would be strengthened by a deeper analysis of how TET1\'s activity is regulated by *O*-GlcNAc modification (see below).

1\) Although there is a non-quantitative hmC blot that shows reduced hmC in fish rescued with mutant TET1 mRNA (Figure 6C), it is not clear whether reduction of meC oxidation is due to reduced *O*-GlcNAc modification, reduced TET1/OGT physical interaction, or both. The relative contributions of TET1/OGT interaction and *O*-GlcNAc modification on TET1 activity could be measured in the authors\' in vitro system.

2\) Perhaps the most interesting new finding is the demonstration that *O*-GlcNAc modification of TET1 by OGT strongly stimulated its activity (Figure 1B and C). This observation would be strengthened by examination of how *O*-GlcNAc modification leads to enhanced catalytic activity. Does this modification increase the affinity of TET1 for meC? Does *O*-GlcNAc affect the Km or Vmax of the enzyme? These questions should be testable with existing reagents used in Figure 1.

*Reviewer \#3:*

Hrit et al. map and characterize the binding site of OGT in Tet1. They identified a 45 amino-acid sequence which is sufficient to mediate TET1-OGT interaction, as well as a single point mutation which abrogates the TET1-OGT interaction. They did this mostly using in vitro biochemical methods, along with some in vivo work to support it.

The mapping of the site is an interesting finding and the point mutant is a fine tool for further dissection of the contribution of the TET1-OGT interaction to regulating TET1 activity as well as genome maintenance. This paper hints at potentially interesting functions of the TET1-OGT interaction, with some data derived from mESCs and developing zebrafish embryos. However, the function of this interaction in regulating TET proteins, hmC levels, or downstream transcriptional dynamics at specific genomic loci or in different chromatin environments remains somewhat speculative, and further experiments are required in order to build a model of how the TET1-OGT may actually influence transcriptional dynamics.

Also basic questions remain unanswered, e.g. does the interaction per se activate TET1 or is it the post-translational modification of TET1 and which sites are affected?

Why do the authors jump from human HEK to mouse ESCs and do the functional assay in fish rescuing a Tet2/3 KO with TET1?

Throughout, rigorous controls, careful quantification and statistical analyses are missing.

Figure 1A-C:

The co-factor UDP-GlcNAc is certainly required for in vitro O-GlyNAcylation. However, it is unclear if OGT can bind to TET1 without this co-factor. In other words, is active o-GlyNAcylation required for this interaction?

Figure 1E-F:

The authors suggest a decrease in mC and hmC levels when OGT is overexpressed in mESCs. and attribute this is to stimulation of TET1 activity by OGT. However, overexpression of OGT (or many other nuclear proteins) often comes with pleiotropic effects. To rule out these possible side-effects, the authors should repeat these immunostainings and slot blots on cells where TDG is depleted, and look for an increase in accumulation of TET1 oxidation products hmC, caC and fC when OGT is overexpressed.

The immunofluorescence images are difficult to interpret -- the images suggest massive changes in mC and hmC levels in cells, whereas the slot blots suggest very slight changes in levels of these modifications (these should be quantified: the AP stained slot blot for mC shows what appears to be less DNA loaded on the membrane for the OGT++ cells). mC staining in WT cells shows strong cytosolic background/unspecific staining, whereas this background is absent in OGT++ cells, which suggests problems with the experiment itself, or unusually altered display contrast settings.

Co-staining with DAPI would help identify nuclei and evaluate the changes in mC/hmC intensity in single cells and would help with basic quantification of the signal. Additionally, it is somewhat unlikely that all cells would show such a change in mC/hmC from transient overexpression of OGT -- this would suggest 100% transfection efficiency, and 100% penetrance of the overexpression phenotype. These efficiencies might be possible, but needs to be shown in detail, possibly by co-expressing cytosolic GFP under the same overexpression promoter, or by tagging OGT itself with a fluorophore.

These issues, along with the fact that transfection efficiency in Figure 5 appears to be around 25%, point to problems with the IF experiments, and should be entirely repeated, with adequate controls and some degree of quantification.

Finally, no information is given on how these images were acquired, whether identical acquisition settings were used for control and OGT+ conditions, and how the contrast/offset was adjusted for visualization of these images. Additional images, perhaps with lower magnification showing more cells should be supplied in supplemental data.

Figure 3:

Here the authors identify a residue necessary for TET1-OGT interaction. Since this residue seems to be conserved in all three TET proteins, it would important to show whether this residue is minimally required for OGT interaction of each TET protein.

If that residue is required for OGT interacting with TET2 and TET3, then these would make far more interesting candidates for the rescue experiment described in Figure 6.

In Figure 3E, the D2018A mutant pulled-down OGT, which the authors suggest are high-molecular weight complexes, possibly involving TET2 and HCFC. It would be helpful to show that this is the case by probing for TET2 and HCFC. This would help with further dissection of OGT\'s direct interaction with TET vs. indirect interaction via TET-containing complexes.

Figure 5:

Here the authors show that TET1-D2018A is catalytically active when overexpressed in HEK cells. However, the difference in hmC levels is more visible here than in other slot blots, but the authors suggest that hmC levels are comparable, and that the mutation doesn\'t notably affect hmC generation, which seems misleading.

More importantly, however, the overexpression itself may mask subtle changes is the rate of hmC production. Therefore, given the availability of Cas9-engineered mESCs expressing the D2018A mutant, it would be more relevant to look at hmC levels in mESCs, and see how hmC levels change/are maintained when TET1-D2018A is expressed at more physiologically relevant levels.

To further characterize this interaction, a chromatin binding assay comparing soluble vs. chromatin-bound fractions of TET1 and OGT may give further insight into how TET1 recruits OGT to chromatin. Ideally, genome-wide methods such as RNA-seq and/or ChIP-seq would provide definitive evidence of localization and transcriptional regulation mediated by the TET1-OGT interaction, and would shed light on the chromatin/genomic environment where these interactions are active. These data would allow to build a more robust model of how TET1-OGT influences transcriptional dynamics, and where this interaction takes place.

It should be noted that the imaging data here in Figure 5 is much better interpretable than in Figure 1 -- the images here display the transfection efficiency and how expression levels vary with transient transfection.

Figure 6:

Here the authors partially rescue the low-runx phenotype found in *tet2/3* double-mutant zebrafish larvae by overexpressing mouse TET1 and TET1-D2018A. Given the overlapping requirements of TET2 and TET3 as described in Li et al., 2015, it would be more relevant to rescue with TET2 or TET3 proteins in which OGT interaction was abrogated (as suggested above).

It is unclear how the embryos were sorted into \"high\" or \"low\" runx categories, and whether this was performed in a blind/randomized way. Additionally, for each experiment, the number of embryos and number of clutches should be shown.

In Figure 6C, the slot blot is not quantified and changes in hmC levels are quite difficult to perceive, thus the claim that hmC levels are affected with TET1 injection is a bit tenuous.

The claim that TET1-OGT promotes TET1 activity is a bit strong based on this experiment. While the point mutant may well affect TET1-OGT interaction, D2018A may also disrupt the binding of other proteins to TET1, as well as the stability of the protein itself.

Furthermore, the rescue of the high runx phenotype may be a distant downstream effect. Do the authors speculate that TET1-OGT directly modulates runx transcription? Or is this a downstream result from TET1-OGT somehow affecting Notch signalling?

10.7554/eLife.34870.035

Author response

> Essential revisions:
>
> The reviewers and editors feel that the biological function of the interaction between OGT and TET1 in ESCs requires further investigation, as the presented phenotypes are complex and somewhat confusing. Specifically:
>
> 1\) ES cells with homozygous TET1 D2018A mutation have significantly elevated levels of TET2, as well as a higher proportion of TET2 that co-fractionates with OGT and HCF1 within high molecular weight complexes (Figure 6). The elevated levels of TET2 in TET1 D2018A mutant cells may reflect increased stability through formation of large complexes with OGT, HCF1, and potentially other proteins. Although TET2 function is not the primary focus of the study, the phenotype of TET1 D2018A mutant cells, in which 5mC is redistributed and seemingly reduced while 5hmC levels are unchanged, merits further examination. The authors should test whether the stability or expression of TET2 is increased in D2018A mutant cells.

We now include analysis of TET2 mRNA levels (RT-qPCR, RNA-seq), which show that there are no significant differences in levels of TET2 mRNA. To examine stability of TET2 protein we performed cycloheximide block experiments, which show no notable difference in half-life between WT and D2018A mESCs.

> 2\) The images in Figure 7D suggest that ES cells with the TET1 D2018A mutation have reduced 5mC levels, but the immunofluorescence staining only gives limited information on how TET1-OGT interaction affects the distribution of 5mC and 5hmC. The authors conclude that the distribution of 5mC is altered, but the overall levels are not directly measured, and the interpretation that 5hmC is similar between mutant and WT, but that 5mC (the substrate) is redistributed and potentially reduced is confusing. Changes in bulk 5mC levels should be measured in these cells. The authors should also conduct genome-wide profiling of 5mC and 5hmC, and potentially of TET1, TET2, TET3 and OGT chromatin binding.

a\) We assayed bulk levels of 5mC and 5hmC in WT and TET1 D2018A cells by mass spectrometry. These new data showed reduced 5mC levels in D2018A cells compared to WT and comparable levels of 5hmC in both cell types, consistent with the data in the previous submission.

b\) We collaborated with Joe Ecker's lab for bisulfite-seq and Chuan He's lab for hmC-Seal analyses in WT and TET1 D2018A cells. These results support the conclusions from bulk studies of 5mC and 5hmC levels and suggest that 1) 5mC levels are lower in D2018A cells but 5mC distribution is largely unaltered in unique sequences, and 2) 5hmC levels are similar in the two cell types but 5hmC undergoes a redistribution at a small subset of gene bodies. These higher-resolution, genome-wide analyses replace the immunofluorescence data in the previous submission (old Figure 7D), which predominantly queried repetitive regions and showed 5mC is also decreased in these regions.

> 3\) Although reduction of TET1 activity would not be predicted to cause reduction of 5mC levels on DNA, the authors suggest increased TET2 activity may compensate for reduced TET1 activity in D2018A ES cells. Direct measurement of the 5mC oxidation activities of TET1 and TET2 complexes in wild type and D2018A cells would be difficult, but the authors may be able to restore normal levels and distribution of 5mC in D2018A cells by overexpression of the GFP-C45 fusion, which binds OGT in vitro (Figure 3). This would provide evidence that the OGT interaction domain of TET1 has two important functions, activation of TET1 activity and titration of OGT to limit activation of TET2. Knockdowns of TET2 and/or TET3 in the WT and mutant cells could also isolate the effects of the TET1 mutation.

This question is a very interesting and important one and we thank the reviewers for raising it. However, rigorous analyses are beyond the scope of the current submission. Overexpression the GFP-C45 construct is problematic because it may affect multiple non-TET OGT targets by sequestering OGT. The second approach suggested was to knock down TET2 and/or TET3. Analyses suggest that the D2018A mutation changed abundance and/or composition of TET containing nuclear complexes. Therefore to meaningfully address the contribution of TET2/3 to the TET1 D2018A phenotype will require amounts in excess of what can be obtained with knockdown, since the effects of this perturbation on high molecular weight complexes will have to be queried. To obtain sufficient material for informative analyses, we initially focused on TET2, the increase in abundance or activity of which could underlie the reduced 5mC in D2018A mESCs. We attempted to knock out *Tet2* in the D2018A cell lines multiple times using multiple strategies, all without success. As a result, we believe that this genotype is lethal, and plan to employ the auxin-inducible degron system to turn over TET2 (and 3). Once appropriate cell lines are generated it will be possible to meaningfully assess the effects of perturbing other TETs in the D2018A background. The outcomes of these experiments will inform the complexity of the interaction between all three TETs and OGT in ESCs, but will not alter the conclusions of this manuscript.

> 4\) The authors should add more analysis to the RNA-seq data. For example, how does the set of differentially expressed genes overlap with OGT ChIP-seq targets in published studies?

To facilitate comparison between RNA-seq, bisulfite-seq, and hmC-Seal we performed all three analyses on the same batches of cells. We compared the differentially expressed genes (DEGs) with differentially methylated regions (DMRs) and differentially hydroxymethylated regions (DhMRs). There is a correlation between genes containing DMRs and differentially expressed genes, suggesting that changes in CpG modifications may underlie some of the gene expression changes. We did not identify enough DhMRs by 5hmC-Seal to make statistically meaningful comparisons between DEGs and DhMRs. There was no significant overlap between DEGs and OGT occupancy. One caveat when comparing our --seq data to published data sets is that we use XX mESCs and published studies use XY mESCs. OGT is X-linked and more highly expressed in XX mESCs than XY mESCs because X-inactivation has not yet occurred in mESCs. The greater expression of OGT (and other X-linked genes) greatly complicates comparisons of XX and XY --seq based data sets.

\[Editors' note: the author responses to the first round of peer review follow.\]

The manuscript has changed significantly since the first submission. We have made revisions and added new data in response to the reviewer comments, and we include a point-by-point response to the reviewers with this submission. The new data extends our analysis of the interaction between the epigenetic regulator TET1 and the nutrient sensor OGT both in vitroand ex vivo. We demonstrate that stimulation of TET1's catalytic activity by OGT in vitro requires TET1 *O-*GlcNAcylation. We show that in mouse embryonic stem cells (mESCs) a point mutation that disrupts the direct OGT-TET1 protein-protein interaction alters the composition of TET-containing high-molecular-weight protein complexes, changes the genome-wide distribution of 5mC, and causes significant changes in gene expression. Since OGT mediates the post-translational modification of over 1,000 proteins in response to the cell's nutrient status and TETs regulate gene expression, our work connects metabolism to epigenetics and suggests new avenues of investigation for both fields.

> Reviewer \#1:
>
> \[\...\] Overall, the authors proposed and tested a novel hypothesis on the interaction between OGT and TET1. However, it is very confusing to see that the D2018A mutant of TET1 lost the interaction with OGT but still retained enzymatic activity in 293T cells. A careful and through study is needed to justify the major conclusions in this manuscript.
>
> 1\) It is unclear if OGT is required for the enzymatic activity of TET1 in mammalian cells. The authors showed that the D2018A mutant was still able to convert 5mC to 5hmC in 293T cells. The enzymatic activity of the D2018 mutant was similar to that of wild type TET1 (Figure 5B and C). As the expression of OGT is very high in 293T cells, it indicates that without the interaction with OGT, TET1 is still able to oxidize 5mC, which contradicts with the major conclusions of the manuscript.

We apologize for our lack of clarity. We did not intend to convey that these data showed OGT is required for TET1 activity. Our data show that OGT stimulates activity of the TET1 catalytic domain in vitro. The purpose of expressing the D2018A TET1 mutant in HEK293T cells was to query whether the mutation eliminated TET1 activity in the context of the entire protein, not to assess whether the OGT-TET1 interaction affected TET1 activity in cells. OGT levels are very low in our HEK293T cells, so to address whether OGT is affecting TET1 activity it would be necessary to co-transfect in OGT with TET1. We did not attempt this experiment because of the difficulty in quantitating the expression of OGT, TET1, and 5hmC in individual cells in a transient transfection assay.

> 2\) The authors stated \"we mutated these residues individually and found that D2018A eliminated detectable interaction between FLAG-tagged TET1 CD and myc-OGT\". However, in the Figure 3D, only D2018A had been examined. It is unclear if other mutations abolish the interaction between TET1 and OGT. In particular, D2018 is not mutated in TET1 CD mt2. But TET1 CDmt2 still lost the interaction with OGT, indicating that other residues such as V2021 and T2022 may play more important roles for the interaction.

Reviewer 1 is absolutely correct in that residues in addition to D2018 may be necessary for TET1 to interact with OGT, and we have included this point in the revised submission. Regardless of whether additional point mutations alter the interaction, the D2018A mutation gives us the tools to query the biological role of the OGT-TET1 interaction.

> 3\) The authors have not demonstrated if the enzymatic activity of OGT is required for TET1-dependent functions. The authors need to show if the enzymatic dead OGT is able to activate TET1 both in vitro and in vivo.

We have added new data showing that *O*-GlcNAcylation of the TET1 catalytic domain by OGT is necessary for stimulation of TET1 activity in vitro. Given these in vitro results, we did not pursue the effect of expressing catalytically dead OGT on TET1 activity in cells.

> 4\) The study on the TET1 mutant is incomplete. It is unclear if OGT is able to promote the enzymatic activity of the mutant TET1 in vitro.

Our new data (Figure 4) show that OGT does not promote enzymatic activity of mutant TET1 catalytic domain in vitro.

> 5\) The authors showed a conserved interacting motif existed in both TET2 and TET3. Does TET2 or TET3 interact with OGT via the same motif? Does OGT promote TET2 and TET3 as well?

It would certainly be interesting to determine whether the conserved interacting motif is also necessary and sufficient for interaction of TET2 and TET3 with OGT and whether OGT stimulates other TETs. These experiments are underway and are beyond the scope of this manuscript.

> 6\) It is very strange to see that all the TPR motifs of OGT are important for the interaction. Usually, different TPR motifs interact with different OGT substrates. If all the TPR repeats are required for the interaction with TET1, will other OGT substrates, such as HIF-1, affect the interaction between OGT and TET1? Especially HIF-1 is in the same complex with TET1 and OGT. Is the catalytic domain of OGT also required for the interaction with TET1?

TETs are unusual among OGT targets in that they stably interact with OGT. For most other targets the interactions are transient and not detectable by co-IP. We could suggest that the interaction with multiple TPRs may be one of the reasons that underlie this unusually strong interaction between OGT and one of its targets. In addition, as this reviewer correctly points out, additional interaction interfaces mediated by other proteins that co-IP with OGT and TET1, such as HCF-1, may be affecting the stability of the OGT-TET1 interaction in ESCs. As a result we elected not to speculate on the significance of the requirement for multiple TPRs for the OGT-TET1 interaction.

> Reviewer \#2:
>
> Hrit et al. follow up on work from several groups showing O-GlcNAc transferase (OGT) binds to TET proteins, and find that O-GlcNAc modification of TET1 stimulates its methylcytosine oxidation activity in vitro. \[...\] However, the extent to which the D2018A mutant prevents O-GlcNAc modification and stimulation of TET1 activity by OGT is not thoroughly tested. In addition, the study would be strengthened by a deeper analysis of how TET1\'s activity is regulated by O-GlcNAc modification (see below).
>
> 1\) Although there is a non-quantitative hmC blot that shows reduced hmC in fish rescued with mutant TET1 mRNA (Figure 6C), it is not clear whether reduction of meC oxidation is due to reduced O-GlcNAc modification, reduced TET1/OGT physical interaction, or both. The relative contributions of TET1/OGT interaction and O-GlcNAc modification on TET1 activity could be measured in the authors\' in vitro system.

As requested, we queried the roles of the *O*-GlcNAc modification and of the protein-protein interaction in TET1 stimulation, using the TET1 D2018A mutant catalytic domain. The revised submission includes new data showing that *O-*GlcNAcylation of the TET1 catalytic domain by OGT is necessary for stimulation of TET1 activity in vitro.

> 2\) Perhaps the most interesting new finding is the demonstration that O-GlcNAc modification of TET1 by OGT strongly stimulated its activity (Figure 1B and C). This observation would be strengthened by examination of how O-GlcNAc modification leads to enhanced catalytic activity. Does this modification increase the affinity of TET1 for meC? Does O-GlcNAc affect the Km or Vmax of the enzyme? These questions should be testable with existing reagents used in Figure 1.

We agree that gaining more mechanistic insight into how *O*-GlcNAcylation stimulates TET1 activity will be very interesting. These experiments are complex because there are at least 8 *O*-GlcNAcylation sites on the TET1 catalytic domain. We are currently developing the reagents (*O*-GlcNAc site mutants) to meaningfully query the mechanisms (which may be multiple) by which OGT stimulates TET1.

> Reviewer \#3:
>
> \[...\] This paper hints at potentially interesting functions of the TET1-OGT interaction, with some data derived from mESCs and developing zebrafish embryos. However, the function of this interaction in regulating TET proteins, hmC levels, or downstream transcriptional dynamics at specific genomic loci or in different chromatin environments remains somewhat speculative, and further experiments are required in order to build a model of how the TET1-OGT may actually influence transcriptional dynamics.
>
> Also basic questions remain unanswered, e.g. does the interaction per se activate TET1 or is it the post-translational modification of TET1 and which sites are affected?

In the revised submission we now include new data showing that it is the posttranslational modification of TET1 that is responsible for the bulk of the stimulation of its activity. Determining which sites are the relevant ones for stimulation is beyond the scope of this work.

> Why do the authors jump from human HEK to mouse ESCs and do the functional assay in fish rescuing a TET2/3 KO with TET1?

We employed different systems to ask questions that were most effectively answered using that system. For example, to query the role of the OGT-TET1 interaction in vivo, we employed zebrafish. The HEK239T cells express very little TET1 (or any TET) and very little OGT, which combined with the efficiency of transfection into these cells, facilitated rapid analysis of interaction domains ex vivo. Mouse ESCs express abundant TET1 and OGT, and introduction of the D2018A mutation in these cells allows analysis of the effects of the mutation on cytosine modifications and gene expression.

> Throughout, rigorous controls, careful quantification and statistical analyses are missing.
>
> Figure 1A-C:

*The co-factor UDP-GlcNAc is certainly required for* in vitro *O-GlyNAcylation. However, it is unclear if OGT can bind to TET1 without this co-factor. In other words, is active o-GlyNAcylation required for this interaction?*

OGT and TET1 interact without UDP-GlcNAc, as shown in Figure 3.

> Fig1E-F:
>
> The authors suggest a decrease in mC and hmC levels when OGT is overexpressed in mESCs. and attribute this is to stimulation of TET1 activity by OGT. However, overexpression of OGT (or many other nuclear proteins) often comes with pleiotropic effects. To rule out these possible side-effects, the authors should repeat these immunostainings and slot blots on cells where TDG is depleted, and look for an increase in accumulation of TET1 oxidation products hmC, caC and fC when OGT is overexpressed.

Reviewer 3 correctly points out that analysis of OGT overexpressing cells is complicated by both the turnover of 5fC and 5caC by TDG and by pleiotropic effects of OGT over expression itself. Rather than perform the suggested TDG depletion experiments, we have removed the data. Instead, we present analysis of cytosine modifications in ESCs bearing the D2018A mutation perturbing the OGT-TET1 interaction (Figure 6-7). Because this manipulation doesn't affect OGT levels, it is less likely to have pleiotropic effects and is therefore more informative.

> The immunofluorescence images are difficult to interpret -- the images suggest massive changes in mC and hmC levels in cells, whereas the slot blots suggest very slight changes in levels of these modifications (these should be quantified: the AP stained slot blot for mC shows what appears to be less DNA loaded on the membrane for the OGT++ cells). mC staining in WT cells shows strong cytosolic background/unspecific staining, whereas this background is absent in OGT++ cells, which suggests problems with the experiment itself, or unusually altered display contrast settings.

While the slot blots and immunostaining images in Figure 1 have been removed, we have additional blots and immunostaining images in the revised submission. For more quantitative analysis, relevant slot blots are reproduced 3+ times, results normalized to input, and expressed graphically with a representative slot blot shown. Immunostaining can sometimes give background, but this background does not invariably mean that contrast settings have been altered. To make it clear that all images are treated the same way, we include a description of image capture and analysis in the revised Materials and methods.

> Co-staining with DAPI would help identify nuclei and evaluate the changes in mC/hmC intensity in single cells and would help with basic quantification of the signal. Additionally, it is somewhat unlikely that all cells would show such a change in mC/hmC from transient overexpression of OGT -- this would suggest 100% transfection efficiency, and 100% penetrance of the overexpression phenotype. These efficiencies might be possible, but needs to be shown in detail, possibly by co-expressing cytosolic GFP under the same overexpression promoter, or by tagging OGT itself with a fluorophore.

A stable cell line over expressing OGT, not transient transfection, was employed in Figure 1 of the first submission, so it is possible that all cells showed a change in 5mc/5hmC. The suggestion of including the DAPI staining is helpful, and all immunostainings in the revised figure include a DAPI panel.

> These issues, along with the fact that transfection efficiency in Figure 5 appears to be around 25%, point to problems with the IF experiments, and should be entirely repeated, with adequate controls and some degree of quantification.

The concerns with IF experiments in Figures 1 and 5 were about transfection efficiency, which in turn brought into question the quantitation. Both these IF experiments have been removed and replaced by analysis of ESC lines bearing the TET1 D2018A mutation, which eliminates concerns about transfection efficiency and the accompanying quantitation.

> Finally, no information is given on how these images were acquired, whether identical acquisition settings were used for control and OGT+ conditions, and how the contrast/offset was adjusted for visualization of these images. Additional images, perhaps with lower magnification showing more cells should be supplied in supplemental data.

As stated above, we include a description of image capture and analysis in the revised Materials and methods. Scale bars are now also included.

> Figure 3:
>
> Here the authors identify a residue necessary for TET1-OGT interaction. Since this residue seems to be conserved in all three TET proteins, it would important to show whether this residue is minimally required for OGT interaction of each TET protein.
>
> If that residue is required for OGT interacting with TET2 and TET3, then these would make far more interesting candidates for the rescue experiment described in Figure 6.

While it would indeed be interesting to map the requirements for OGT interaction in each of the three TETs, this endeavor is beyond the scope of the current work.

> In Figure 3E, the D2018A mutant pulled-down OGT, which the authors suggest are high-molecular weight complexes, possibly involving TET2 and HCFC. It would be helpful to show that this is the case by probing for TET2 and HCFC. This would help with further dissection of OGT\'s direct interaction with TET vs. indirect interaction via TET-containing complexes.

Reviewer 3 echos our discussion point that the interaction between OGT and TET1 D2018A in ESCs may reflect additional contacts between TET1 and other proteins in the TET-OGT-HCF high molecular weight complexes. To address this point we analyzed high molecular weight complexes in TET1 wild type and D2018A mutant ESCs. These data (Figure 6 in the revised submission) show that the D2018A mutation has effects on all three TET-containing high molecular weight complexes.

> Figure 5:
>
> Here the authors show that TET1-D2018A is catalytically active when overexpressed in HEK cells. However, the difference in hmC levels is more visible here than in other slot blots, but the authors suggest that hmC levels are comparable, and that the mutation doesn\'t notably affect hmC generation, which seems misleading.
>
> More importantly, however, the overexpression itself may mask subtle changes is the rate of hmC production. Therefore, given the availability of Cas9-engineered mESCs expressing the D2018A mutant, it would be more relevant to look at hmC levels in mESCs, and see how hmC levels change/are maintained when TET1-D2018A is expressed at more physiologically relevant levels.

We have performed the analysis of 5mC and 5hmC levels/distribution in D2018A ESCs, as requested. They are included as Figure 7 in the revised submission.

> To further characterize this interaction, a chromatin binding assay comparing soluble vs. chromatin-bound fractions of TET1 and OGT may give further insight into how TET1 recruits OGT to chromatin. Ideally, genome-wide methods such as RNA-seq and/or ChIP-seq would provide definitive evidence of localization and transcriptional regulation mediated by the TET1-OGT interaction, and would shed light on the chromatin/genomic environment where these interactions are active. These data would allow to build a more robust model of how TET1-OGT influences transcriptional dynamics, and where this interaction takes place.

We have performed the RNA-seq analysis, as requested. The new data are included in Figure 7 of the revision.

> It should be noted that the imaging data here in Figure 5 is much better interpretable than in Figure 1 -- the images here display the transfection efficiency and how expression levels vary with transient transfection.
>
> Figure 6:
>
> Here the authors partially rescue the low-runx phenotype found in tet2/3 double-mutant zebrafish larvae by overexpressing mouse TET1 and TET1-D2018A. Given the overlapping requirements of TET2 and TET3 as described in Li et al., 2015, it would be more relevant to rescue with TET2 or TET3 proteins in which OGT interaction was abrogated (as suggested above).

It would be interesting to determine whether the core finding, that the interaction of a TET with OGT is necessary for normal TET-mediated rescue of a developmental phenotype in zebrafish, holds to all three TETs. However, that line of investigation is beyond the scope of this work.

> It is unclear how the embryos were sorted into \"high\" or \"low\" runx categories, and whether this was performed in a blind/randomized way. Additionally, for each experiment, the number of embryos and number of clutches should be shown.

In an effort to improve clarity we now include a supplementary figure that includes representative examples of high and low *runx1* categories (Supplementary file 3). This figure also includes the number of embryos for each experimental condition for each of the 5 clutches examined. We make clear in the Materials and methods that analysis of high vs. low *runx1* expression was performed without prior knowledge of experimental condition (blind) and that embryos were genotyped after in situ analysis.

> In Figure 6C, the slot blot is not quantified and changes in hmC levels are quite difficult to perceive, thus the claim that hmC levels are affected with TET1 injection is a bit tenuous.

We now include a graph quantifying changes in hmC across three dot blots and provide a detailed explanation of our quantification strategy in the Materials and methods. This analysis demonstrates that rescue with TET1 leads to a small but statistically significant increase in 5hmC whereas injections of the mutant version of TET1 do not.

> The claim that TET1-OGT promotes TET1 activity is a bit strong based on this experiment. While the point mutant may well affect TET1-OGT interaction, D2018A may also disrupt the binding of other proteins to TET1, as well as the stability of the protein itself.

The reviewer makes an important point. We have adjusted the results summary of the zebrafish data to more clearly indicate that the effects of D2018A mutation in zebrafish may be direct or indirect.

> Furthermore, the rescue of the high runx phenotype may be a distant downstream effect. Do the authors speculate that TET1-OGT directly modulates runx transcription? Or is this a downstream result from TET1-OGT somehow affecting Notch signalling?

Understanding the basis of the rescue, whether it is through a direct or indirect effect, is interesting but the basis of another manuscript.

[^1]: Department of Genetics, University of Georgia, Athens, United States.
